Ultrasound represents a convenient real-time modality for intraoperative use, though ultrasound in neuronavigation involves the challenge of a high quality volume reconstruction of the 2D data. The quality can be enhanced by improving the data transfer process to the navigation system. Since the latest ultrasound devices are often equipped with a digital visual interface (DVI), it was embedded in neuronavigation with the aim to evaluate the potential benefit for clinical work. Digital transmission of the video signal via DVI from the ultrasound device was compared to analogue transmission via S-Video by a phantom as well as in the operating room. The digital transmission via DVI resulted in a higher image quality, improved image sharpness and a higher accuracy in the representation of boundaries. Since boundaries are highly relevant in tumor resection and biopsies, the digital transmission of the images can account for a higher quality and safety in neurosurgical interventions.
Introduction
Intraoperative ultrasound (iUS) allows the generation of real-time datasets during surgical interventions and is a well established technique in different neurosurgical procedures [5] , [2] , [6] . By adding a tracking sensor to the ultrasound probe it is possible to locate the probe in space and thus to relate the acquired data to the patient as well as to instruments and to preoperative planning data. Neuronavigation is usually based on preoperatively acquired MRI (magnetic resonance imaging) data and thus not able to reflect brain shift that occurs during brain surgery. [3] Combining preoperatively acquired MRI or CT (computed tomography) data with intraoperatively acquired ultrasound data facilitates monitoring of brainshift and allows an update of the current intraoperative situation. Preoperative planning can be validated and corrected if necessary, and as well it serves for resection control in tumor surgery [4] . The fusion of MRI data with the intraoperatively acquired ultrasound data is usually accomplished by an intraoperative registration of the patient and by tracking a 2D ultrasound probe and transforming these data into a 3D dataset in space. Thus ultrasound represents a convenient real-time modality, but as well ultrasound imaging involves the challenge of a high quality volume reconstruction of the 2D data. The local resolution in the image data as well as the orientation and interpretation increase the complexity factor of the application. If the neuronavigation is based on intraoperative 3D ultrasound, the problem of orientation can be overcome by superposition of preoperatively acquired images and intraoperatively acquired ultrasound. This solution integrates existing equipment like an ultrasound device with analog S-Video interface which is commonly used for analog transfer of the ultrasound video signal.
The quality of the ultrasound volume can be enhanced by the use of a 3D probe instead of a 2D probe since this avoids the volume reconstruction [1] or by the enhancement of the data transfer process. Since the latest ultrasound devices are often equipped with a digital visual interface (DVI) for the digital transfer of video data, the DVI interface was embedded in neuronavigation with the aim to evaluate the potential benefit for daily clinical work.
Methods
A navigation system (SonoNavigator, LOCALITE, St. Augustin, Germany) containing a video grabber for analog and digital video data in combination with an optical tracking system (NDI Polaris, Northern Digital Inc., Waterloo, Canada) and an ultrasound device (Toshiba, Aplio XG) were employed. The ultrasound device was provided with two 2D linear probes (PLT-704 SBT and PLT-745 BTV). The probes were tracked by mounting a passive tracker, consisting of 3 spherical markers. As reference a passive tracker was placed on a phantom containing a sphere. The probes were swept slowly across the region of interest and the acquired frames were transmitted to the navigation system together with the tracker information. All scans were performed twice and once transmitted via DVI, once via S-Video. The scans were repeated in four different penetration depths: 7cm, 8cm, 9cm and 10cm. The adjustable parameters of the ultrasound device such as brightness and contrast were only adapted between the different setups of depth and ultrasound probe. For the same setup all parameters were exactly the same for both types of transmission to guarantee comparability between DVI and S-Video. The analog transfer via S-Video was carried out with a resolution of 768 x 576 pixels and the digital transfer via DVI with a resolution of 800 x 600 pixels which was the monitor resolution of the ultrasound device. Due to the different image resolution both probes were calibrated in advance for each depth and for each resolution by means of a single-cross-wire phantom. Calibration was accepted if the recalculated position of the calibration point showed a Root Mean Square (RMS) of less than one mm. The image data were converted by the video grabber card so that volume data could be constructed by mapping the video images into the corresponding voxel plane of the volume. Multiple pixel information for one voxel was averaged [4] . The volume reconstruction was computed with a voxel size of 0.2 mm and a volume size of 512 x 256 x 256 voxels.
In this first experimental setup the reconstructed volumes were compared visually and evaluated by physicians experienced in ultrasound.
The sphere boundary appears clearly more differentiated in the volume reconstructed of the slices which were transferred via DVI (image 1). As well the contrast ratio seems to be more distinguishable in the DVI image, although all corresponding parameters of the ultrasound device were the same.
Image 1 -reconstructed volume of slices transmitted via left: DVI, right: S-Video
In order to obtain a quantitative evaluation of the difference, gradient magnitude images were computed by means of the Insight Segmentation and Registration Toolkit (figure 2).
Image 2 -gradient magnitude images -left: DVI, right: S-Video
If the sphere border appears more clearly, the expected gradient magnitude is probably higher for the images transmitted via DVI. A mask was defined to exclude noise from outside of the sphere from the gradient analysis, for example the ultrasound beam border. The mask was formed as a sphere and if needed adapted to the image pairs before applying it to the gradient images. The remaining images were used for computing the parameters mean value, standard deviation, maximal intensity and entropy of each image. All parameters were computed only of the non-zero voxel with the software Insight Segmentation and Registration Toolkit. The entropy can be considered as a measure of contrast and content of information. All parameters are listed in the following tables for both ultrasound probes. Table 2 
-parameters for ultrasound probe PLT745-BTV
In a second step the ultrasound setup was applied to the operating room. A 57 year old patient, suffering from glioblastoma in the left frontal lobe was operated using the navigation system based on intraoperative ultrasound data. The 2D ultrasound was performed twice, the first time it was transmitted via DVI and the second time it was transmitted via SVideo. Both volumes were reconstructed with a voxel size of 1mm and a volume size of 128 x 256 x 256 voxel. Despite the bigger voxel size, as well boundaries of the ventricle system and the tumor appear more differentiated in the volume reconstructed of the slices transferred via DVI (image 3). 
Results
To get a first impression of a potential quality enhancement, reconstructed volumes were compared visually and evaluated by physicians experienced in ultrasound. Already the viewing of the reconstructed volumes showed better contrast ratios in the volumes generated from digitally transmitted slices (image 1). It can be ensured, that this difference doesn't result from a different setting of parameters of the ultrasound device according to brightness or contrast. The parameters were optimized for each setup of ultrasound probe and depth. After setting the parameters both scans were performed subsequently and transmitted via the DVI respectively S-Video without changing the parameters anymore. Apart from the contrast ratio, boundaries appear clearly more differentiated in the volumes generated of the digitally transmitted slices. This applies to the sphere images as well as to the patient's image. In comparison the boundaries of the volume reconstructed of the slices which were transferred via S-Video appear more blurred.
To obtain a quantitative evaluation of the difference, gradient magnitude images were computed and analysed as describe in the methods. Both ultrasound probes showed similar results. The average of the intensity values of all non-zero voxels was higher in every volume generated of the digitally transmitted slices compared to the volume using analog transmission in the same setup. For the linear probe PLT-704SBT the average for analog transmission is 7.34, compared to 8.52 for digital transmission with a mean difference of 1.18. For the second linear probe PLT-745BTV the average for analog transmission is 6.90, compared to 8.15 for digital transmission with a mean difference of 1.25. The standard deviation of non-zero voxels was higher in every volume generated of the digitally transmitted slices compared to the volume using analog transmission in the same setup. For the linear probe PLT-704SBT the average for analog transmission is 5.22, compared to 6.32 for digital transmission with a mean difference of 1.10. For the second linear probe PLT-745BTV the average for analog transmission is 4.98, compared to 6.12 for digital transmission with a mean difference of 1.15. The maximal intensity of all voxels was higher in every volume generated of the digitally transmitted slices compared to the volume using analog transmission in the same setup. For the linear probe PLT-704SBT the average for analog transmission is 21.5, compared to 25 for digital transmission with a mean difference of 3.5. For the second linear probe PLT-745BTV the average for analog transmission is 23, compared to 27.7 for digital transmission with a mean difference of 4.7. The entropy of all non-zero voxels was higher in every volume generated of the digitally transmitted slices compared to the volume using analog transmission in the same setup. For the linear probe PLT 704-SBT the average for analog transmission is 0.39, compared to 0.41 for digital transmission with a mean difference of 0.02. For the second linear probe PLT 745-BTV the average for analog transmission is 0.38, compared to 0.41 for digital transmission with a mean difference of 0.03 The results of all parameters confirm the better contrast ratio of digitally transmitted images. As the maximum intensity is always higher in the digitally transmitted images and the inner sphere shows intensities around zero, the standard deviation as well is always higher in these images. Due to the better contrast, as well the entropy is always higher in the digitally transmitted images.
Conclusion
Analogue transmission of the video signal from the ultrasound device via S-Video requires a digital-to-analogue conversion in the ultrasound device as well as an analogue-digital conversion in the navigation system. The conversion becomes redundant using digital transmission via DVI. This results in a more detailed image reproduction and an improved sharpness of the image. As well the digital signal can be transferred without any loss of quality in comparison to the analog video signal which is more prone to signal loss over distance and other interferences. Another advantage is the higher image resolution which can be achieved by transmission via DVI. The resolution achieved by an analog transmission of the video signal via S-Video is always limited to 768 x 576 pixel. The resolution of the digital video signal is only limited by the maximal monitor resolution of the ultrasound device. In our case the monitor resolution was 800 x 600 pixel. It can be assumed, that the difference becomes more significant with a higher monitor resolution of the ultrasound device. In the presented test setup the difference in the image resolution of both methods was relatively small. In the performed tests with the phantom as well as in the test in the operating room, the digital transmission of the ultrasound images to the navigation system worked reliable in the clinical environment and was therefore integrated in the navigation system (SonoNavigator, LO-CALITE, St. Augustin, Germany) which is used for neurosurgical interventions in daily routine. Concluding we can assert that the transmission of the ultrasound video data via DVI can enhance the quality of the reconstructed volume and enables a better differentiation of boundaries. Since boundaries are highly relevant in tumor resection and biopsies this method can account for a higher quality and safety in certain neurosurgical interventions.
